Background: Tuberculosis is globally the most important cause of death from single pathogen. Rapid and accurate identification of mycobacteria is essential for the control of tuberculosis. We evaluated a fluorescence in situ hybridization (FISH) method using peptide nucleic acid (PNA) probes for the differentiation of Mycobacterium tuberculosis complex (MTB) and nontuberculous mycobacteria (NTM) in direct smears of sputum specimens. Methods: The cross-reactivity of MTB-and NTM-specific PNA probes was examined with reference strains of M. tuberculosis ATCC 13950, Mycobacterium kansasii ATCC 12479, Mycobacterium fortuitum ATCC 6841, several clinical isolates of mycobacteria (Mycobacterium abscessus, Mycobacterium avium, Mycobacterium intracellulare, Mycobacterium gordonae and Mycobacterium chelonae), and 11 frequently isolated respiratory bacterial species other than mycobacteria. A series of 128 sputa (89 MTB culture positive, 29 NTM culture positive, and 10 under treatment culture negative) with grades of trace to 4+ were used to evaluate the performance of the method. Results: The MTB-and NTM-specific PNA probes showed specific reactions with the reference strains of MTB and M. kansasii and clinical isolates of mycobacteria except M. fortuitum ATCC 6841, and no cross-reactivity with other tested bacteria. The PNA probe-based FISH assay for detection of MTB had a sensitivity and specificity of 100%, respectively. The sensitivity and specificity of the NTM-specific PNA probe was 100%. The smear grades of the PNA FISH test were same as with those of the fluorescence AFB stain in 2+ or higher grade. Conclusion: Detection and differentiation based on PNA FISH is sensitive and accurate for detecting mycobacteria and for differentiating MTB from NTM in clinical sputum smears. (Ann Clin Microbiol 2015;18:37-43)
INTRODUCTION

Tuberculosis (TB) is caused by Mycobacterium tuberculosis
(MTB) and remains a major global health problem, with an estimated 8.6 million new cases in 2012 and 1.3 million TB deaths [1] . Infections by nontuberculous mycobacteria (NTM) are common opportunistic diseases in immunocompromised patients, especially those with AIDS [2, 3] . Anti-TB drugs are often ineffective against NTM infection. Therefore, rapid and accurate identification of mycobacteria in clinical settings is crucial for planning treatment [4] . Detection of mycobacteria usually depends on acid-fast bacilli (AFB) staining, culture, and polymerase chain reaction (PCR). The conventional microscopic examination of an AFB stain is simple and fast, and a positive AFB stain is the first indication of possible TB. However, the AFB stain yields poor positive predictive values for TB in clinical settings in which NTM is frequently isolated, because it does not allow differentiation MTB from NTM [5] . Recently, several investigators have used peptide nucleic acid (PNA) probes for the identification of MTB and NTM in various specimens, in- cluding cultures, sputum, and tissue [6] [7] [8] [9] [10] [11] [12] . PNA probes are artificially synthesized DNA analogues with an uncharged peptide backbone, which have more favorable hybridization properties and chemical, thermal, and biological stability than previous probes [13, 14] . The uncharged nature and the high conformational flexibility of PNA probes allows hybridization to complementary DNA or RNA with high specificity [15] . The hydrophobic structure of PNA probes gives better penetrance through the mycobacterial cell wall, yielding higher sensitivity [8, 9] .
In the current study, we developed a PNA probe-based fluorescence in situ hybridization (FISH) assay and evaluated its diagnostic applicability for the differentiation between MTB and NTM in sputum specimens. numbers of strains of each species are described in detail in Table 1 . 
MATERIALS AND METHODS
Synthesis of PNA probes
Interpretation of results
By using two PNA probe hybridization reactions in parallel, the analyzed samples were categorized as MTB or NTM according to a positive reaction with one probe and a negative reaction with the other. The PNA FISH and routine AFB stain results were graded from negative to 4+ using a CDC-recommended scale and compared.
Ethics statement
This research was approved by a full committee of the Institutional Review Board at Pusan National University Yangsan Hospital (no. 04-2012-025).
RESULTS
Probe specificity
The MTB-specific PNA probe hybridized with DNA of the M. tuberculosis type strain and not with DNA of the tested NTM species. The NTM-specific PNA probe hybridized with DNA of the tested NTM species except M. fortuitum and not with DNA of the MTB species. M. fortuitum were double neg- ative with both probes. When testing with the 11 common pathogens, the two probes did not bind any bacteria (Table 1) .
In all cases, true-positive staining was morphologically distinguishable from the background of the PNA FISH reaction.
Morphologic evaluation of PNA FISH was simple in cases with a high bacterial load, even at low magnification, whereas a prolonged high magnification scan was required in cases with a paucity of organisms. Both MTB and NTM were observed on the basis of bright fluorescence and morphology of rod-shaped bacilli (Fig. 1 ).
PNA-FISH reactions in clinical specimens
Eighty stain, but only a trace was found in the PNA FISH test. Two MTB specimens were grade 1+ in the routine AFB stain, but 2+
was found in the PNA FISH test (Table 3) . In previous studies, PNA probe-based FISH assays were able to differentiate between MTB and NTM in culture [6] [7] [8] 17] . In one study, results obtained with 30 smears of cultured isolates were compared with AccuProbe mycobacterium identification kits (Gen-Probe, San Diego, CA, USA), which revealed 84% diagnostic sensitivities for the MTB-specific PNA probe and 91% for the NTM-specific PNA probe. The specificity of both probes was 100% [8] . Another study using 53 smears of LJ solid cultures and 77 smears of Mycobacteria Growth Indicator Tube (MGIT) liquid cultures (BBL Microbiology Systems, Cockeysville, MD, USA) showed 98-99% diagnostic sensitivities, whereas the diagnostic sensitivities of the NTM probe were 57-100%. The specificity of both probes in both studies was 100% [17] .
We report an MTB-and NTM-specific probe-based PNA The limitation of our study is that we applied MTB-and NTM-specific PNA probes on two smear slides for each sputum specimen because we designed MTB-and NTM-specific probes labeled with same color of fluorescein. A study has been published in which multicolor multiplex PNA FISH has been used for identification of mixed bacteria [18] . In that study, a mixture xenopi [7, 8] . That's why M. fortuitum were double negative with both probes.
In mixed mycobacterial sputum specimens with MTB and NTM, culture results may be incorrectly determined to NTM because rapid growing mycobacteria would grow early. Performing a molecular biological technique like a PNA FISH test can solve these problems. Unfortunately however, among the 128 samples in the current study, mixed mycobacterial sputum specimens with MTB and NTM were not included. So, we could not demonstrate the possibility to detect MTB and NTM simultaneously in those specimens.
In addition, we intentionally included the smear positive specimens in the current study because we aimed to compare the smear results between the conventional and PNA FISH methods. Therefore, the calculated sensitivity and specificity of the PNA FISH method are relative performance in smear positive specimens, compared with the conventional AFB staining method. Also, the current study did not cover other species of M. tuberculosis complex such as M. bovis or Mycobacterium bovis BCG strain, and other bacterial and viral species and acid-fast bacteria that may cause respiratory infections not infrequently, especially atypical pneumonia pathogens. Therefore, it was not clear whether the response of the probes react correctly to the untested pathogens.
In conclusion, PNA FISH assay is a useful method for rapid and accurate identification of mycobacteria in 2+ or higher grade of AFB stain as a new stain-based method that can differentiate MTB and NTM with direct smears of sputum samples.
